Purpose: To assess thickness and associations of the peripapillary choroidal layers. Methods: The population-based Beijing Eye Study included 3468 participants with an age of 50+ years. Using spectral-domain optical coherence tomography, we measured the large vessel layer (LVL) and small-to-medium vessel layer (SMVL) of the peripapillary choroid in a circular scan with a diameter of 3.4 mm around the optic nerve head centre at eight locations equidistant (45°) to each other. The ratio of SMVL thickness to LVL thickness was calculated. Results: Measurements were available for 3000 (86.5%) study participants (mean age: 64.4 AE 9.6 years; range: 50-93 years). SMVL (mean thickness: 31 AE 7 lm; range: 17-70 lm) and LVL (103 AE 48 lm; range: 9-313 lm) were thickest superiorly, followed by the temporal region, nasal region, and inferior region. 
Introduction
As the landmark study by Spaide and colleagues showing the use of the enhanced depth imaging mode to visualize the choroid, the assessment of the choroid has become a mainstay for the diagnosis of choroidal and retinal diseases (Spaide et al. 2008; Fujiwara et al. 2009; Imamura et al. 2009; Ikuno et al. 2010; Gupta et al. 2015a Gupta et al. , 2016 Lee et al. 2016) . For central serous choroidopathy and polypoidal choroidal vasculopathy, an abnormal thick subfoveal choroid has become a conditio sine qua non for making the diagnosis, to cite only a few examples Chung et al. 2011) . In most of the studies, the total thickness of the choroid in the subfoveal region has been measured, while the thickness of the various choroidal layers in particular in the peripapillary region has usually not been taken into account (Ho et al. 2011; Huang et al. 2013; Gupta et al. 2015b; Jiang et al. 2015) . We therefore conducted this investigation to measure the thickness of the large vessel layer of the choroid (Haller's layer) and the thickness of the small-to-medium vessel layer (SMVL) of the choroid (Sattler's layer and choriocapillaris) in the peripapillary region. We chose a population-based recruitment of study participants to avoid the bias by a potential referral bias of patients attending a hospital. The results of this study may clinically be interesting since it has been discussed that the choroid in the peripapillary region may play a role in the pathogenesis of optic nerve diseases, in particular glaucomatous optic neuropathy, and in the development of axial myopia, to mention only a few disorders (Ehrlich et al. 2011; Hirooka et al. 2012; Roberts et al. 2012; Li et al. 2013; Park et al. 2014; Gupta et al. 2015c ).
Patients and Methods
The Beijing Eye Study 2011 is a population-based cross-sectional study which was conducted in an urban and a rural region of Beijing in Northern China (Wei et al. 2013; Jiang et al. 2015) . It was approved by the Medical Ethics Committee of the Beijing Tongren Hospital, and informed written consent was obtained from all participants. The only eligibility criterion was an age of 50 or more years. Of 4403 eligible individuals, 3468 (78.8%) persons with a mean age of 64.6 AE 9.8 years (range: 50-93 years) took part in the survey.
The examinations started with a detailed interview, which was conducted by trained research staff and which included standardized questions on the family status, level of education, income, quality of life, psychic depression, physical activity and known major systemic diseases. Fasting blood samples were taken for measurement of blood lipids, glucose and glycosylated haemoglobin. Cognitive function was assessed using the Mini Mental Status Test consisting of a series of questions and tests, each of which scored points if correctly answered (Folstein et al. 1975) . It included questions about the current year, month, day and actual location, and tasks such as renaming three objects, counting backward by sevens, repeating of simple sentences and copying of simple pictures. We also measured blood pressure, body height and weight, and circumference of the waist and hip. Fasting blood samples were examined biochemically to measure the concentrations of glucose, high-density lipoproteins, lowdensity lipoproteins and total cholesterol. For the ophthalmic examination, we carried out a measurement of bestcorrected visual acuity, tonometry, a slit-lamp based examination of the anterior and posterior segments of the eyes, optical low-coherence reflectometry (Lenstar 900 Optical Biometer, Haag-Streit, 3098 Koeniz, Switzerland) for determination of the ocular dimensions (such as corneal diameter and thickness, anterior chamber depth, lens thickness and axial length), and after medically inducing a pupillary mydriasis, we performed a digital photography of the cornea, lens, macula and optic disc, and a spectral-domain optical coherence tomography (SD-OCT) of the macula, the optic nerve head and the peripapillary region (Spectralis, Heidelberg Engineering, Heidelberg, Germany). The optic disc-fovea distance and the angle between the discfovea line and the horizontal were determined on the fundus photographs. The degree of fundus tessellation was graded between grade '0' for no fundus tessellation" and grade '3' for marked visibility of fundus tessellation defined as the ophthalmoscopical detectability of the large choroidal vessels. The study design and the techniques have been described in detail previously (Wei et al. 2013; Jiang et al. 2015) .
In a circular scan with a diameter of 3.4 mm around the optic nerve head centre, OCT images of the retina and choroid were obtained by applying the standard protocol for examination of the retina. On the images, the peripapillary choroid was differentiated into the large vessel layer (LVL) and the small-to-medium vessel layer (SMVL) including the choriocapillaris (Fig. 1) . Using the Heidelberg Eye Explorer software (v. 5.3.3.0; Heidelberg Engineering Co, Heidelberg, Germany), files with segmentation of 'retinal' (with the upper line corresponding to the internal limited membrane and the lower line corresponding to the retinal pigment epithelium/Bruch's membrane complex) were exported. In a masked manner, a trained ophthalmologist (XJ) manually moved the segmentation line of the inner limiting membrane to the interface between the LVL and the SMVL, while the line of Bruch's membrane remained unchanged. The thickness of the SMVL was measured as the distance between both lines (Fig. 1) . The thickness of the LVL was calculated as total peripapillary choroidal thickness minus SMVL thickness. We also determined the ratio of the LVL thickness to the LVL thickness. Using an image-processing software designed for the current study, the distances between the two segmentation lines were measured at eight locations (temporal, superotemporal, superior, superonasal, nasal, inferonasal, inferior and inferotemporal) each equidistant (45°) to the next location (Fig. 1B) . Only the right eye of each participant was measured and the values were taken for the statistical analysis.
For the statistical analysis, we used the statistical software package (SPSS for Windows, version 22.0; IBM-SPSS, Chicago, IL, USA). We first determined the mean values (presented as mean AE standard deviation) of the thickness of the peripapillary choroidal layers measured at the eight locations. Choroidal thickness measurements taken at different locations within the same eyes were compared with each other using a paired Wilcoxon test. As tested by the Kolmogorov-Smirnov test, the choroidal thickness measurements were not normally distributed (p < 0.001). We performed a univariate linear regression analysis of associations between the choroidal thickness measurements and other ocular or systemic parameters as independent parameters. These included age, sex, region of habitation, systolic and diastolic blood pressure, body mass index, waist circumference, number of cigarette package years, cognitive function score, blood concentration of glucose, highdensity lipoproteins, low-density lipoproteins and cholesterol, intra-ocular pressure, axial length, anterior corneal curvature radius, central corneal thickness, corneal diameter, anterior chamber depth, lens thickness, refractive error, best-corrected visual acuity (BCVA) (measured in logMAR (logarithm of the minimal angle of resolution)), subfoveal choroidal thickness, optic disc-fovea distance and optic disc-fovea angle, optic disc area, parapapillary alpha zone and b/c zone, degree of fundus tessellation as a whole and assessed separately in the macular region and peripapillary region, retinal nerve fibre layer thickness, and the prevalences of angle-closure glaucoma, open-angle glaucoma, diabetic retinopathy (DR), retinal vein occlusions, and early, intermediate or late stage of age-related macular degeneration (AMD). Finally, we carried out a multivariate regression analyses with the choroidal thickness parameters as the dependent variable and all those variables as independent variables that were significantly associated with the choroidal thickness measurements in the univariate analysis. All p-values were two-sided and considered statistically significant when the values were less than 0.05. We calculated the standardized regression coefficient b, the nonstandardized regression coefficient B and the 95% confidence intervals (CI).
Results
Peripapillary choroidal layer thickness measurements were available for 3000 (86.5%) individuals (women: 1697 (56.6%) of the 3468 participants of the survey. The group of subjects with available peripapillary choroidal layer thickness measurements as compared with the group of subjects without such measurements was older (64.4 AE 9.6 years versus 62.6 AE 9.4 years; p = 0.003) and less myopic (À0.14 AE 1.91 dioptres versus À0.62 AE 3.68 dioptres; p < 0.001), while axial length did not differ between both groups (23.25 AE 1.06 mm versus 23.28 AE 1.72 mm; p = 0.62). The main reasons for the non-availability of OCT images were a low image quality of the OCT scans or, as it was the case in few highly myopic eyes, a very thin choroid in which the various layers could not be differentiated.
The SMVL was significantly (p < 0.001) the thickest in the superior region (35 AE 10 lm), followed by the temporal region (34 AE 13 lm), the nasal region (34 AE 10 lm; p < 0.001) and finally the inferior region (30 AE 9 lm; p < 0.001). Mean SMVL thickness was 31 AE 7 lm (Table 1 ; Fig. 2 ).
In univariate analysis, thicker SMVL thickness was significantly associated with younger age, rural region of habitation, lower systolic blood pressure, higher diastolic blood pressure, higher body mass index, higher number of cigarette package years, higher cognitive function score and higher blood concentration of glucose; and with the ocular parameters of shorter axial length, shorter anterior corneal curvature radius, thinner lens, hyperopic refractive error, better (BCVA), thicker subfoveal choroidal thickness, shorter optic discfovea distance, smaller optic disc area, smaller parapapillary alpha zone, smaller parapapillary b/c zone, smaller degree of total fundus tessellation, smaller degree of fundus tessellation in the macular region, smaller degree of fundus tessellation in the peripapillary region ( Fig. 3) , thicker retinal nerve fibre layer thickness and lower prevalence of angleclosure glaucoma and retinal vein occlusions (Table 2) . The multivariate analysis included the SMVL thickness as dependent variable and all parameters as independent variables that were significantly associated with mean small-to-medium vascular layer thickness in the univariate analysis. Due to collinearity, we dropped refractive error (variance inflation factor (VIF): 2.58) and systolic blood pressure (VIF: 2.80) from the list of independent parameters. Due to missing statistical significance, we then dropped prevalence of retinal vein occlusions (p = 0.93), corneal curvature radius (p = 0.97), smoking package years (p = 0.45), alpha zone area (p = 0.47), (BCVA) (p = 0.62), retinal nerve fibre layer thickness (p = 0.35), blood glucose concentration (p = 0.18), diastolic blood pressure (p = 0.18), disc-fovea distance (p = 0.13) and region of habitation (p = 0.06). In the remaining final model (regression coefficient r: 0.33), thicker SMVL thickness was associated with the systemic parameters of younger age (p < 0.001), lower body mass index (p = 0.02) and higher cognitive function (p = 0.02), and with the ocular parameters of shorter axial length (p < 0.001), thicker lens (p < 0.001), smaller optic disc area (p < 0.001), smaller parapapillary b/c zone (p < 0.001) and lower prevalence of angle-closure glaucoma (p = 0.04; Table 3 ). If the degree of peripapillary fundus tessellation was added to the list of independent parameters, a higher degree of fundus tessellation was significantly associated with thinner SMVL thickness (p < 0.001, b: À0.48), while axial length, size of parapapillary b/c zone and optic disc, cognitive function and presence of angle-closure glaucoma were no longer significantly associated. If subfoveal choroidal thickness was added to the model, a thinner subfoveal choroid was associated with thinner SMVL thickness (p < 0.001, b: 0.52), while axial length, lens thickness, size of parapapillary b zone, cognitive function and presence of angle-closure glaucoma were no longer significantly associated.
The large vascular layer thickness was significantly (p < 0.001) the thickest in the superior region (120 AE 56 lm), followed by the temporal region (109 AE 71 lm), the nasal region (106 AE 50 lm; p < 0.001) and finally the inferior region (79 AE 40 lm; p < 0.001). Mean choroidal large vascular layer thickness was 103 AE 48 lm (Table 1 ; Fig. 4) .
In univariate analysis, thicker LVL thickness was significantly associated with the systemic parameters of younger age, rural region of habitation, lower systolic blood pressure, higher diastolic blood pressure, higher body mass index, higher number of cigarette package years and higher cognitive function score, and with the ocular parameters of shorter axial length, shorter anterior corneal curvature radius, thinner lens, hyperopic refractive error, better BCVA, thicker subfoveal choroidal thickness, higher intra-ocular pressure, smaller optic disc area, smaller parapapillary alpha zone, smaller parapapillary b/c zone, smaller degree of total fundus tessellation, smaller degree of fundustessellation in the macular region, smaller degree of fundus tessellation in the peripapillary region, thicker retinal nerve fibre layer thickness and lower prevalence of angle-closure glaucoma and retinal vein occlusions (Table 2) .
In the multivariate analysis, we first dropped refractive error (VIF: 3.04) and systolic blood pressure (VIF: 2.81) due to collinearity. Due to missing statistical significance, we then dropped corneal curvature radius (p = 0.87), retinal nerve fibre layer thickness (p = 0.88), prevalence of retinal vein occlusions (p = 0.70), diastolic blood pressure (p = 0.50), intra-ocular pressure (p = 0.22), body mass index (p = 0.09), BCVA (p = 0.051), region of habitation and smoking package years (p = 0.23). In the remaining final model (regression coefficient r: 0.45), thicker LVL thickness was associated with the systemic parameters of younger age (p < 0.001) and higher cognitive function (p = 0.01), and with the ocular parameters of shorter axial length (p < 0.001), thicker lens (p = 0.009), smaller optic disc area (p < 0.001), smaller parapapillary alpha zone (p = 0.04), smaller parapapillary b/c zone (p < 0.001) and, marginally significantly, with lower prevalence of angle-closure glaucoma (p = 0.057; Table 4 ). If the degree of peripapillary fundus tessellation was added to the list of independent parameters, a higher degree of fundus tessellation was significantly associated with thinner SMVL thickness (p < 0.001, b: The mean ratio of SMVL thickness to LVL thickness was 0.38 AE 0.18 (median: 0.34; range: 0.08-2.22). It was significantly (p < 0.001) the highest in the temporal region (0.70 AE 1.33) and the lowest in the superonasal region (0.37 AE 0.38), the superior region (0.38 AE 0.45) and the nasal region (0.39 AE 0.30; Fig. 5) .
In univariate analysis, the ratio was significantly associated with the systemic parameters of older age (Fig. 6) , urban region of habitation, lower diastolic blood pressure, lower body mass index and lower cognitive function score, and with the ocular parameters of longer axial length (Fig. 7) , longer anterior corneal curvature radius, thicker lens, more myopic refractive error, lower bestcorrected visual acuity, thinner subfoveal choroidal thickness, lower intra-ocular pressure, larger optic disc area, larger parapapillary alpha zone, larger parapapillary b/c zone, higher degree of total fundus tessellation, higher degree of fundus tessellation in the macular region, higher degree of fundus tessellation in the peripapillary region (Fig. 8) , thinner retinal nerve fibre layer thickness, and higher prevalence of open-angle glaucoma, angle-closure glaucoma and retinal vein occlusions.
In the multivariate analysis, we first dropped refractive error (VIF: 3.01) due to collinearity. Due to missing statistical significance, we then dropped prevalence of retinal vein occlusions (p = 0.81), retinal nerve fibre layer thickness (p = 0.61), body mass index (p = 0.60), diastolic blood pressure (p = 0.53), lens thickness (p = 0.36), prevalence of openangle glaucoma (p = 0.63), corneal curvature radius (p = 0.19), intra-ocular pressure (p = 0.22), parapapillary alpha zone (p = 0.23), cognitive function (p = 0.43) and prevalence of angle-closure glaucoma (p = 0.08). In the remaining final model (regression coefficient r: 0.49), the ratio of SMVL thickness to LVL thickness was associated with the systemic parameters of older age (p < 0.001) and rural region of habitation (p < 0.001), and with the ocular parameters of longer axial length (p < 0.001), lower BCVA (p = 0.002), larger optic disc area (p < 0.001) and larger parapapillary b/c zone (p < 0.001; Table 5 ). If the degree of peripapillary fundus tessellation was added to the list of independent parameters, a higher degree of fundus tessellation was significantly associated with a higher ratio (p < 0.001; b: 0.45), while axial length and region of habitation were no longer significantly associated. If subfoveal choroidal thickness was added to the model, a thicker subfoveal choroid was associated with a lower ratio (p < 0.001, b: À0.41), while axial length and BCVA visual acuity were no longer significantly associated.
Discussion
In our population-based study population, both, SMVL (mean thickness: 31 AE 7 lm) and LVL (mean thickness: 103 AE 48 lm) were thickest superiorly and thinnest inferiorly. Both layers increased in thickness with younger age, higher cognitive function, shorter axial length, smaller optic disc area and smaller parapapillary b zone, and lower prevalence of angle-closure glaucoma. With older age, longer axial length, larger optic disc area and larger b zone, LVL decreased more than SMVL in thickness. The proportion of the SMVL thickness to total choroidal thickness was highest in the temporal region and lowest in the superior to nasal regions. Thickness and profile of the peripapillary choroid as a whole have been examined in previous studies while an analysis of the thickness of the various choroidal layers has not been performed yet in a population-based study (Ehrlich et al. 2011; Ho et al. 2011; Hirooka et al. 2012; Roberts et al. 2012; Huang et al. 2013; Li et al. 2013; Park et al. 2014; Gupta et al. 2015b,c) . Our results confirmed the asymmetrical distribution of thickness of the peripapillary choroid as a whole and additionally found that the same regional distribution accounted for the two differentiated layers of the peripapillary choroid. Both layers, as a whole peripapillary choroid, were thickest superiorly and thinnest inferiorly. Correspondingly, Gupta et al. (2015b) found in the Singapore Malay Eye Study that the peripapillary choroid was thickest in the superior quadrant (151 AE 60 lm), followed by the nasal (144 AE 58 lm) and temporal quadrants (139 AE 69 lm), and thinnest in the inferior quadrant (111 AE 527 lm). Ho et al. (2011) discussed that this regional distribution of the peripapillary choroidal thickness may be due to the embryological development of the eye. As the optic vesicle fissure is located in the nasal inferior region, the choroid in the inferior region may form latest and may thus remain the thinnest part of the peripapillary choroid. It has remained unclear whether the thinner choroid in the inferior region as compared to the superior region may predispose the inferior disc region to ischaemic diseases. This view is contradicted by the finding that nonarteritic ischaemic optic neuropathy preferentially occurs in the superior disc half, and the view may be supported by the finding that glaucomatous optic neuropathy usually affects the inferior disc half more as compared to the superior disc half. It has also remained unclear whether the dependence of the proportion of SMVL thickness to total choroidal thickness (or the ratio of SMVL thickness to LVL thickness) on the region (being highest in the temporal region and lowest in the superior to nasal regions) plays a role in the pathogenesis of diseases of the intrapapillary and peripapillary regions (Fig. 5) . It may also be of interest for the potential differentiation between pathological myopia and school children myopia.
We found that the ratio of SMVL thickness to LVL thickness increased with older age (Table 5) , suggesting a preferential age-related thinning of the LVL (Fig. 6) . In a similar manner, longer axial length was correlated with an increase in the ratio of SMVL thickness to LVL thickness (Fig. 7) , suggesting a predominant thinning of the LVL in axial myopia (Table 5) . When interpreting these findings, one may have to take into account that the thickness of a vascular layer is not a strong surrogate on the internal lumen diameter of the vessels. This may hold true in particular for the correlation between the SMVL-to-LVL thickness ratio and age, as age is associated with marked changes in the vessel wall anatomy and lumen diameter. Future studies may address why longer axial length and older age affect more the thickness of the LVL than the thickness of the SMVL. In multivariate analysis, a low thickness of both choroidal layers, the SMVL and the LVL, was associated with a lower cognitive function score (Tables 3 and 4) . It agrees with a recent analysis of the Beijing Eye Study in which the subfoveal choroidal thickness decreases with lower cognitive function . It agrees with a pilot study by Gharbiya et al. (2014) who found a thinner subfoveal choroidal thickness in 21 patients with mild to moderate Alzheimer;s disease as compared to 21 age-matched control individuals. In a similar manner, Bayhan et al. (2015) reported on a thinner choroidal thickness in 31 patients with Alzheimer's disease than in 30 cognitively healthy age-matched control individuals. As these pilot studies had included a relatively small number of participants, so that other, potentially confounding, factors could not really be addressed, and as the association between cognitive function and choroidal thickness in our study was statistically not very strong (with standardized regression coefficients b of about 0.05), future investigations are warranted to further explore the potential association between choroidal thickness and cognitive dysfunction. Interestingly, the cognitive function score was not significantly with the ratio of SMVL thickness to LVL thickness.
As in previous studies, a higher degree of fundus tessellation was strongly correlated with a thinner choroid (Figs 3 and 8) . Interestingly, the ratio of SMVL-to-LVL thickness ratio increased with higher degree of fundus tessellation (Fig. 8) . It suggests that the thinner the LVL in relationship to the SMVL was, the higher was the degree of fundus tessellation.
For both vascular choroidal layers, the SMVL and the LVL, a thinner thickness was associated with a higher prevalence of chronic angle-closure glaucoma, while the prevalence of other ocular diseases including openangle glaucoma, DR and retinal vein occlusions was not significantly associated with the choroidal layers thickness (Tables 3 and 4 ). The inverse association between peripapillary choroidal thickness of both layers and chronic angle-closure glaucoma fits with a histomorphometric study in which enucleated eyes with chronic angle-closure glaucoma showed a decreased choroidal thickness (Kubota et al. 1993) . It is in contrast to the observation made in eyes after acute angle-closure glaucoma or in fellow eyes of patients with unilateral acute angle-closure glaucoma showing an abnormally thick choroid (Arora et al. 2012; Zhou et al. 2013 ). The observation made in our study, however, fits with the result of a recent study on patients who developed an increased intra-ocular pressure after spending 2 hr in a dark room adaptation test and who showed a thinning of the choroid . The finding that the neither SMVL-to-LVL thickness ratio nor the thickness of the choroidal layers taken separately were significantly associated with the prevalence of open-angle glaucoma, AMD, DR and retinal vein occlusions supports the notion that peripapillary choroidal thickness may not be correlated with the prevalence of these disorders Wang et al. 2014) . It is in contrast to other studies which RaƟo of small-to-medium vessel layer thickness to large-vessel thickness of the peripapillary choroid (95% confidence intervals) reported on an abnormal choroidal thickness in eyes with these disorders (Adhi et al. 2013; Tsuiki et al. 2013) . The association between a lower thickness of SMVL and LVL and a larger parapapillary b/c zone is explained by the anatomy of the parapapillary b and c zones, in which either the choriocapillaris is closed as in the case of b zone or the choroid is completely missing (Jonas et al. 2012) .
One may argue why the region of habitation was included into the statistical analysis. The reason was that populations from rural regions versus urban regions differ in their professions and working conditions, lifestyle, diet, consumption of alcohol and tobacco, and body mass index, to mention only a few parameters. As an analysis may not address all these parameters, inclusion of the region of habitation as parameter into the statistical analysis may partially compensate for missing of some of the basic parameters differing between rural versus regions.
Limitations of our study should be taken into account. First, out of the whole study population, measurements of the peripapillary choroidal layer thickness were available for 3000 individuals or 86.5% of the study population. One of the main reasons for non-availability of OCT images were a low image quality of the OCT scans or, as it was the case in few highly myopic eyes, a very thin choroid in which the various layers could not be differentiated. In particular, the exclusion of some eyes with extreme axial myopia might have influenced the results of our study; however, the group of participants and the group of non-participants did not differ significantly (p = 0.62) in axial length. Second, previous studies showed circadian changes in choroidal thickness of the subfoveal region (Tan et al. 2012) . Although circadian changes in the peripapillary choroidal thickness have not been examined yet, it is likely that they exist. The participants in our study, however, underwent the OCT examination in a randomized manner with respect to the timing of the examination. It appears therefore unlikely that circadian changes may have influenced the results of our investigation. Third, it is remained under discussion how well the Mini Mental Status Examination test applied in our study assessed cognitive function.
In conclusion, both choroidal vascular layers, the SMVL and the LVL, were thickest superiorly and thinnest inferiorly, and both layers increased in thickness with younger age, higher cognitive function, shorter axial length, smaller optic disc, smaller parapapillary b/c zone and lower prevalence of angle-closure glaucoma. With older age, longer axial length, larger optic disc area and larger b zone, LVL decreased more than SMVL in thickness. The association between peripapillary choroidal thickness and cognitive function may warrant further research. Degree of peripapillary fundus tessellaƟon 1.50 1.75 2.00 2.25 2.50 2.75 3.00 Fig. 8 . Graph showing the association between peripapillary fundus tessellation and thickness ratio of the small-to-medium vessel layer to large vessel layer of the peripapillary choroid. 
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